Abstract Approximately 20% of all patients with locally advanced rectal cancer experience pathologically complete responses following neoadjuvant chemoradiotherapy (CRT) and standard surgery. The utility of radical surgery for patients exhibiting good CRT responses has been challenged. Organsparing strategies for selected patients exhibiting complete clinical responses include local excision or no immediate surgery. The subjects of this tailored management are patients whose presenting disease corresponds to current indications of neoadjuvant CRT, and their post-CRT tumor response is assessed by clinical and radiological examinations. However, a model predictive of the CRT response, applied before any treatment commenced, would be valuable to facilitate such a personalized approach. This would increase organ preservation, particularly in patients for whom upfront CRT is not generally prescribed. Molecular biomarkers hold the greatest promise for development of a pretreatment predictive model of CRT response. A combination of clinicopathological, radiological, and molecular markers will be necessary to render the model robust. Molecular research will also contribute to the development of drugs that can overcome the radioresistance of rectal tumors. Current treatments for rectal cancer are based on the expected prognosis given the presenting disease extent. In the future, treatment schemes may be modified by including the predicted CRT response evaluated at presentation.
Background
Personalized treatment has become a major topic in oncology [1, 2] . Currently, two conflicting views are held on the tailored management of locally advanced rectal cancer (LARC, stage II or III). The first restricts the use of radiotherapy [3, 4] . The second prescribes either no surgery or conservative surgery following neoadjuvant chemoradiotherapy (nCRT) [5] [6] [7] [8] [9] . The latter approach is more liberal in terms of radiotherapy than the first, but the common goal is to reduce treatment morbidity and improve functional outcomes. The first approach reduces radiation toxicities; the second, surgical sequelae. Surgery has long been the only option for cure of rectal cancer, but is also the principal contributor to post-treatment mortality and morbidity [10] [11] [12] . Therefore, the second approach can be more effective in reducing treatment associated morbidity and is the focus of this review.
Role of radiotherapy in rectal cancer
Standard multimodal management of LARC involves nCRT, radical surgery with total mesorectal excision (TME), and adjuvant chemotherapy [13, 14] . Inclusion of TME as the standard surgery has remarkably improved rectal cancer control [15, 16] . However, nCRT is still effective in dealing with small but devastating inadequacies in TME. In other words, neoadjuvant radiotherapy significantly reduces the local recurrence risk post-TME [17, 18] . Radiotherapy is a core modality of CRT, and the efficacy of radiation is enhanced by concurrent fluoropyrimidine-based chemotherapy [19, 20] .
Tumor responses to CRT are revealed by pathological examination of surgical specimens. The extent of response is expressed in various ways, including T or N down-classification, downstaging, tumor regression grade, or development of a pathologically complete response (pCR) [21] . Approximately 20% of patients experience pCR [22] . The tumor is surgically removed irrespective of the CRT response, however the long-term oncological outcomes of those with favorable CRT responses are better [22, 23] . The CRT response is thus a strong prognostic indicator.
Conservative surgery TME involves removal of an entire circumferential envelope of perirectal tissue and significantly reduces the local recurrence rate compared with that of the historical blunt dissection [15, 16] . However, various perioperative complications are encountered, including infection, pelvic sepsis, vascular or ureteral injury, anastomotic leakage, and wound complications [9] . The mortality rate is at least 2% even in fit patients, and over one third of patients report some degree of fecal incontinence and urological or sexual dysfunction [9, 24] . Some 10-30% of patients require permanent colostomies, with associated significant physical and psychological sequelae [25] .
The suggestion that no or conservative post-nCRT surgery might sometimes be appropriate began with the observation that some patients exhibit pCR or near-pCR after nCRT [22] . If nCRT eradicates all tumor cells, radical surgery unnecessarily resects normal tissues, causing various morbidities. Conservative surgery includes transanal local excision and transanal endoscopic microsurgery. Local excision has the advantages of rapid postoperative recovery, no need for a permanent colostomy, and the absence of many morbidities associated with the radical operation [5] [6] [7] . This procedure removes only the primary mural tumor, leaving behind most mesorectal lymph nodes. If metastatic tumor cells exist in the lymph nodes, CRT regresses them, along with the primary tumor cells [26] [27] [28] . Therefore, management subsequent to local excision is based on the ypT stage: close observation for those of ypT0-1 without unfavorable prognostic factors, but re-operation (TME) for others [5] [6] [7] .
No surgery
Dr. Angelita Habr-Gama, a colorectal surgeon from Brazil, pioneered the wait-and-see or watch-and-wait approach for rectal cancer patients [29] [30] [31] . This policy, which is also called non-operative management or no immediate surgery, is indicated for selected patients who show a clinical complete response (cCR) post-nCRT. Deferred surgery for a subgroup due to some limitations in cCR judgment has been reported not to compromise long-term oncological outcomes [32] .
Habr-Gama et al. conducted a series of studies in which patients with principally T3 or N1 mid/low rectal tumors, who exhibited post-nCRT cCR, underwent close surveillance only [30] [31] [32] [33] [34] . The latest report found that this non-operative approach afforded a 5-year rate of local recurrence "not amenable to salvage" as low as 6% [33, 34] . Early tumor regrowth (within 12 months) was apparent in 19% of patients; however, 94% underwent salvage surgery with a 75% sphincter preservation rate. After >12 months post-nCRT, an additional 11% of patients exhibited local recurrence, but 91% underwent salvage surgery with sphincter preservation in 35%. The 3-year disease-free and overall survival rates were 78 and 88%, respectively, thus comparable to those after the standard regimen (nCRT and TME).
This non-operative approach is under investigation at multiple sites worldwide [35] [36] [37] . In the UK, 129 patients with cCR were thus managed [37] . At a median follow-up of 33 months, 44 (34%) exhibited local regrowth (3-year actuarial rate, 38%). Thirty-six (88%) of 41 patients with nonmetastatic local regrowth were salvaged. On propensity score-matched analysis (109 patients in each group), the 3-year non-regrowth disease-free survival did not differ between the watch-and-wait and surgical resection groups (88 vs. 78%). Similarly, the 3-year overall survival did not differ (96 vs. 87%). In contrast, the watch-and-wait group exhibited significantly better 3-year colostomy-free survival than did the surgical group (74 vs 47%). It was concluded that a substantial proportion of rectal cancer patients managed by the watchand-wait approach avoided major surgery and averted permanent colostomy without any loss of oncological safety to 3 years.
Prediction of CRT response
The term "CRT response prediction" has been used indiscriminately in two different situations [38, 39] . One is prediction of the pathological CRT response after CRT completion but before surgery, and the other is prediction of the CRT response before any treatment is given. The former case is actually clinical evaluation or assessment of post-CRT tumor status (re-staging), rather than prediction. This assessment is used to select patients for whom conservative or no surgery is appropriate among those in whom the tumor extent at presentation corresponds with the acceptable indications for nCRT. The current indication for nCRT is LARC, although the argument has been made that patients with relatively low-risk LARCs, such as cT3N0 cancers or upper rectal cancers, do not need to undergo nCRT [4, 40, 41] . Clinical examinations, including endoscopic findings and digital rectal evaluations, and radiological studies, play major roles in such evaluation [35] [36] [37] 42] .
"Pretreatment" CRT prediction has a different value. LARC is associated with an average pCR rate of 20% [22] . This may be higher in those with early stage rectal cancers considering their low tumor burden. In a pooled data analysis, an association between the clinical T stage and the probability of achieving pCR was apparent: the pCR rates were 58% (7/12), 28% (41/145), 16% (374/2301), and 12% (40/327) for patients with tumors of clinical stages T1, T2, T3, and T4, respectively [43] . The probability of a cure upon nonoperative management may be higher in patients with early stage tumors. However, upfront CRT constitutes overtreatment in some patients who require deferred radical surgery because surgery alone is the standard regimen for such patients [44] . If alternative initial regimens are to be offered to such patients, the ability to predict CRT response at presentation must be highly sensitive and specific.
Predictive markers Clinicopathological factors
Clinicopathological factors associated with the CRT response to rectal cancer include the levels of serum carcinoembryonic antigen (CEA), carbohydrate antigen 19-9, and fibrinogen; the histological grade and mucinous histology; tumor size, volume, circumference, and movability; the hemoglobin level and blood lymphocyte counts; the clinical T or N stage; and the distance from the tumor to the anal verge [21, [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] . Of these factors, the serum CEA level has been the most relevant [48] [49] [50] . However, not only the pre-CRT CEA level but also the post-CRT CEA level, and/or the change in the CEA pattern after CRT, are often analyzed together. The latter two measures are more closely related to the pathological CRT response than is the pre-CRT CEA level [58] [59] [60] . This is not surprising because the latter values reflect the degree of CRT response. The performance of a predictive model would be enhanced using data obtained during or after CRT, but a pretreatment prediction must be based on only pretreatment measurements.
A few nomograms using clinicopathological factors have been developed. However, the endpoint was the long-term oncological outcome with the aim of selecting candidates for adjuvant chemotherapy [61] . The variables used in analysis included treatment factors and the ypStage. The endpoint of other nomograms was the post-nCRT ypN status [62, 63] . Both pre-nCRT parameters and post-surgery pathological factors were used to construct the nomograms. The purpose was to predict nodal status after nCRT and local excision, during which mesorectal lymph nodes cannot be pathologically examined.
Radiological markers
The apparent diffusion coefficient (ADC) measured via diffusion-weighted magnetic resonance imaging is a typical radiological marker of the CRT response of rectal cancer. As the tumors are highly cellular, water diffusion is restricted. ADC quantifies such restriction diffusion [64] . Low pre-CRT ADC values and large post-CRT increases in such values correlate with a good pathological response [64] . Compared with the pre-CRT ADC values, the post-CRT ADCs and the CRT-induced ADC changes were more predictive of CRT response [64] [65] [66] .
Another type of functional imaging is positron emission tomography (PET). 18 Fluorodeoxyglucose PET-computed tomography detects and quantifies increases in glucose metabolism within cancer cells [67] . Rather than the pre-CRT standardized uptake value (SUV), changes in the SUV early in, or after, CRT correlate with the CRT response [67] [68] [69] .
A combination of data from both imaging modalities, the pre-CRT ADC and the SUV change during CRT, improved the predictive specificity of the CRT response [70, 71] . A nomogram combining clinical factors (the clinical T and N stages) and PET parameters was used to predict pCR [72] . However, the PET parameters utilized were the changes in Fig. 1 Suggested treatment scheme for rectal cancer when a robust pretreatment predictive model is available. Among both early stage and locally advanced patients, those predicted to exhibit favorable responses undergo standard CRT. Management decisions after CRT are aided by assessment of post-CRT tumor status. As the performance of the pretreatment predictive model improves, LE (for early-stage patients) and TME (for locally advanced patients) after standard CRT will become increasingly unnecessary (dotted lines). The treatment regimens are arranged from top to bottom according to prognosis. CRT chemoradiotherapy, TME total mesorectal excision, LE local excision the SUV mean and maximal tumor diameter during CRT. No nomogram using only pretreatment clinicopathological and/or radiological data is yet available to predict the CRT response in rectal cancer patients.
Molecular markers
Molecular biomarkers predictive of the CRT response of rectal cancer include p53, KRAS, the epidermal growth factor receptor, vascular endothelial growth factor, Bcl-2, and Bax [73] [74] [75] [76] . These proteins are involved in DNA damage repair, cell proliferation, angiogenesis, and apoptosis. Biomarkers of emerging interest include those associated with the epithelialto-mesenchymal transition and microsatellite instability [77] . The gene or microRNA expression profiling using microarray has been used to analyze hundreds of potential biomarkers and to select promising candidates [77, 78] . Analyses of circulating tumor cells or circulating tumor nucleic acids have also identified potential predictive markers [79, 80] . Although the several drawbacks include poor reproducibility and lack of prospective independent validation, molecular markers have the greatest future potential.
Incorporation of blood biomarkers enhanced the accuracy of earlier predictive models using only clinical variables and PET data. A model combining blood biomarkers (interleukin-6, interleukin-8, osteopontin, CEA); clinical factors (tumor length, clinical T and N stage); and the pretreatment SUV max , had areas under the curve of 0.81 for pCR and 0.78 for downstaging [81] . Data derived using this model were used to build a nomogram, which has not yet been externally validated. To date, no pretreatment predictive model is sufficiently robust to be of clinical utility.
Future perspectives
Rectal cancer is an excellent candidate for personalized multimodal treatment. About 20% of those with LARC, and probably a higher percentage of early stage rectal cancer patients, could achieve complete tumor regression when given upfront CRT. No surgery or conservative surgery is a valuable treatment option, particularly for those at high risk of complications following major surgery (the elderly or those with comorbidities) and those reluctant to sacrifice the anus.
Current treatment schemes for rectal cancer are based on the expected prognosis considering the extent of presenting disease. Such schemes may be further divided with additional reference to the CRT response predicted at presentation. Figure 1 illustrates a possible future treatment scheme. In cases for whom nCRT is prescribed because their disease burden at presentation so indicates, post-nCRT tumor status could be assessed via clinical and radiological examinations. A predictive model that includes molecular markers may not be of great clinical utility at this point in time. Predictive modeling may be more valuable for those for whom nCRT is not usually indicated, expanding the opportunities to preserve organs. Such a model could also be used to identify molecular markers of, and/or the pathways responsible for, radioresistance, and to develop novel drugs overcoming such radioresistance. Such agents could be added to the CRT for LARC patients predicted to exhibit poor responses to standard CRT.
Many searches for factors predictive of CRT response have used not only pre-CRT but also peri-and/or post-CRT values. The latter two values are statistically more relevant because they reflect the response to CRT. However, it would be better to use only pretreatment factors when constructing a predictive model. Such a model would be more useful in clinical practice.
A combination of many variables including clinical, pathological, imaging, proteomic, and genomic factors, and blood biomarkers, is required to develop a robust pretreatment predictive model. Different tumor behaviors are likely attributable to the many interactions among multiple factors. This renders simple monocentric analysis statistically challenging. Progress in automated data-mining and machine learning may help unravel the complex non-linear interactions among multiple variables and the CRT responses of rectal tumors [82] .
Conclusions
A paradigm shift has occurred in terms of the use of CRT to treat rectal cancer. First, the adjuvant CRT for LARC has changed to nCRT. Second, universal radical surgery after nCRT has changed to include response-based choices that preserve organs and reduce morbidity. In the future, a pretreatment predictive model may further expand the role played by CRT as the primary treatment for rectal cancer.
